This paper summarizes our contributions in the basic understanding of the different susceptibility of the mammary gland to carcinogenesis according to age and parity history. Mammary carcinomas induced by the administration of 7,12-dimethylbenz-(DMBA) to young virgin rats arise from undifferentiated terminal ductal structures called terminal end buds (TEBs). TEBs, that normally differentiate into alveolar buds (ABs) and lobules, under the influence of DMBA develop intraductal proliferations which progress to carcinoma. The high susceptibility of the young virgin rat TEBs to neoplastic transformation is due to its large proliferative compartment, with cells cycling every 10 'hours, and to a higher 'H-DMBA uptake. Progressive differentiation of TEBs into ABs and lobules or their regression to terminal ducts (TDs) i s seen with aging. Complete differentiation of the gland is attained through pregnancy and lactation or through exogenous administration of chorionic gonadotrophin. The greater differentiation of the gland is manifested as permanent structural changes, consisting in the disappearance of TEBs and in a diminution of the number of TDs due to their differentiation into ABs and lobules. This greater differentiation results in a diminished or total refractoriness of the gland to the carcinogen because ABs and lobules have a lower proliferative compartment, and a longer cell cycle than TEBs and TDs. Cells of parous rats have both in vivo and in v i m lower DMBA-DNA binding capacity, lower DNA synthesis and greater ability to repair DMBA-damaged DNA than cells of young virgin rats. The more efficient DNA repair capacity of the parous rat mammary gland is demonstrated by the induction of unscheduled DNA synthesis and a removal of DMBA-DNA adducts.
INTRODUCTION
Under the term cancer we understand a progressive, autonomous proliferation of a tissue not subject to the laws governing orderly growths. The resulting autonomy is manifested in invasion and metastasis, the two final events in the process of malignant transformation.
Whereas autonomy is a synonym of neoplasia, it is also possible to apply this term to *Presented at the Second International Symposium of the normal tissue when susceptibility to carcinogenesis is considered. In the process of carcinogenesis, there are two main components; the carcinogen and the target tissue. If we consider the carcinogen to be present in our environment, diet, life style, etc., the variable that turn on the equation is the target organ. The best example of this changing susceptibility to carcinogenesis is offered by the mammary gland in which cancer de-veIopment depend, on sex, age, reproductive and family history (1-7).
Many studies show that there are certain Society of Toxicologic Pathologists, Session 111: Morphologic risk factors that play a role in the develop-150 RUSSO TOXICOLOGIC PATHOLOGY nulliparity and late menopause (1-7). Although factors which increase risk are numerous, only one protective factor has been demonstrated thus far-an early first full term pregnancy (8) (9) (10) (11) ). An understanding of the mechanisms of this protective effect, which reduces by four-fold the risk of women to develop breast cancer, has been achieved by the use of an experimental model, DMBAinduced rat mammary carcinomas (12) (13) (14) (15) (16) (17) . It has been estimated that approximately 80-90% of all human cancers (18) (19) (20) are induced by environmental carcinogens. DMBA is a polycyclic aromatic hydrocarbon (PAH) whose potent carcinogenic action is manifested not only in the skin (21) and lung (22) , but also in the mammary gland (13, 23, 24, 25) . As environmental and dietary pollutants, PAH are suspected of contributing to the incidence of human cancer in the skin (26), bronchus (27) and colon, (28) . Although chemical carcinogens have not been determined to be the direct causative agents of human breast cancers, the differences observed in the incidence of breast cancer which exist between populations do point to a possible role by chemical carcinogens present in the environment (11). For example, the presence of carcinogenic compounds like Benzo(a)pyrene in the environment (29), food (30, 311, cigarette smoke (27) and in the milk of nursing mothers who smoke (32) , therefore places a tremendous emphasis on environmentally derived chemicals (e.g. polycyclic hydrocarbons) as major factors in the causation of human breast cancer. In addition, a variety of environmentally derived chemicals are secreted into the breast fluids and concentrated by the alveolar ductal system (33, 34) . This is a justified rationale for the use of the DMBA induced mammary carcinoma model in order to understand the human disease.
This paper summarizes our contributions in the basic understanding of the different susceptibility of the mammary gland t@,carcinogenesis according to age and parity,\& tory. It is divided into five major sections: 1) DNA synthesis in the mammary gland epithelium determined in vivo and in vitro, 2) DMBA binding to the DNA of mammary gland epithelium, in vivo and in vitro 3) cell kinetics of mammary gland epithelium, 4) DNA repair of DMBA-DNA damaged mammary epithelial cells and 5) hormone prevention in mammary carcinogenesis.
DNA SYNTHESIS IN MAMMARY GLAND EPITt-iELIUM In vivo determinations
We have reported that old virgin rats are less susceptible than young virgin rats and that parous rats are almost totally refraatory to the development of DMBA-induced mammary carcinomas (12,131, This protection was attributed to the higher degree of differentiation induced in the mammary gland by both aging, pregnancy and lactation. This change was the result of permanent modifications in the mammary gland structure, since they were still present after the hormonal stimulation of pregnancy and lactation were over. The basic morphologic change observed was the disappearance of TEB or terminal end buds ( Fig. I) ., the site of origin of mammary carcinomas (Fig. 2) (25) . Another morphologic change induced by pregnancy and lactation was the diminution in the number of terminal ducts (TD) and an increase in the number of lobules. These changes were associated with modifications in the rate of cell proliferation, as measured by the uptake of 3Hthymidine and expressed as DNA-labeling index (DNA-LI). Aging reduced the number of labeled cells from 34.4% in the young to 14.8% in the old virgin rats (43) (Fig. 3a BASIS OF CELLULAR AUTONOMY 151 total number of labeled structures is reduced with aging and parity ( Fig. 3b ). DMBA inoculation of young virgin, old virgin and multiparous rats induced mammary tumors with a maximal incidence in young virgin rats. Histological examination of the tumors revealed that 100% of the tumors developed by 
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A young virgin rats were adcnocarcinomas. In old virgin rats, 63% of .the tumors were carcinomas and 37% were fibroadenomas. In multiparous rats only 21% of the tumors were carcinomas and 79% were fibroadenomas, (Table I) . Fibroadenomas were two times more frequent in multiparous rats than in age-matched old virgin rats. The shortest latency period was observed in young virgin rats. In addition, w e found that the incidence of carcinomas induced by DMBA in the rat mammary gland was related to the density of TEB and the DNA-LI. Highest density of TEB occurred when the rats were 20 days old, decreasing thereafter. The highest DNA-LI occurred in TEB of rats aged 30-55 days, which was coincident with the highest incidence of carcinomas. With aging, thenumber of TEBs and their DNA-LI decreased and the number of TDs and ABs increased, although with a low DNA-LI, which correlated with a lower incidence of carcinomas and higher incidence of benign lesions (35) . The high susceptibility of the mammary gland of young virgin rats to carcinogenesis was explained by the presence of undifferentiated structures with active DNA synthesis, TEB and TD. In the old virgin rats, the decreased incidence of carcinomas was related to a lower density of TEB and TD both with reduced DNA-LI. The low incidence of carcinomas in the glands of multiparous rats was related to the absence of TEB, to the low density of TD, and to the low DNA-LI in the TD epithelial cells. This low susceptibility to carcinogenesis was therefore a consequence of a higher degree of differentiation of the gland. The observation that old virgin rats age-matched with the multiparous rats had more tumors than the latter group indicated that the lower susceptibility to carcinogenesis observed in the mutiparous group was not induced by age in itself but by the process of differentiation that takes place in the mammary gland as the result of pregnancy and lactation.
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In vitro determinations
Primary cell cultures of mammary gland epithelium were chosen for determinations of DNA synthetic capacity based upon the following rationale: a) if the changes induced by pregnancy on mammary gland epithelium were permanent, cells thus modified would have in vitro patterns similar to those observed in vivo; b) the availability of an in vitro system which paralleled the in vivo situation would be useful for testing DMBA toxicity, DNA-DMBA binding, and DNA repair after DMBA damage under consistent and manipulable conditions; and c) if rat cells behave in vitro similarly to cells in vivo, analogous studies could be carried out in human cells in vitro.
The methods used for culture of mammary epithelial cells and the identification of the epithelial origin of the cells placed in primary culture are described elsewhere (36) . We found that epithelial cells from the mammary gland of young virgin rats adapted to the culture conditions rapidly, acting as if the cells were in the logarithmic phase of growth prior to plating. The cells from old virgin and parous rats, unlike those of the young virgin required a certain time during which the proliferative cells adapt to the culture as evidence by the presence of a lag phase of cell growth. The number of proliferating cells decreased with age and parity, as evidenced by peak DNA synthetic activity (Table 11 ). This meant that even when normal growth restraints were removed as the cells were cultured in vitro, only certain cells in the population were able to proliferate, which implied that the differences were intrinsic to the epithelial cells and not to host factors (17).
The toxic effect of DMBA, as measured by its effect on cell growth, was more pronounced on young virgin (YV) rat mammary gland cells than on old virgin (OV) and parous (P) rat mammary gland cells when lower doses were used (36). A different dose response effect of DMBA was observed when cells from the three groups of animals were treated during the first 24 hours after plating, but there was no dose response when the cells were treated at the peak of DNA synthesis although epithelial cells from parous rats were less affected (Figs. 4 and 5).
These results demonstrated therefore that primary cultures of mammary gland epithelial cells have different patterns of growth according to the age and parity of the donor. Epithelial cells from YV rats attached to the dish and started growing immediately after plating, as if they were in a state of active proliferation when they were removed from the host. Cells from YV rats also contained the highest proportion of proliferating cells as determined by 3H-thymidine incorporation. The same phenomenon has been observed in in vivo conditions (16). OV and P rat mammary gland epithelial cells, on the other hand, started growing after a lag phase of 24 and 36 hours respectively, and contained fewer proliferating cells than YV primary cultures ( In the rat mammary gland we found that the number of doublings in P rats was half Vol. 11 the value observed in YV and OV epithelial cells, indicating that differentiation played a role in the number of doublings before the culture reached the stationary phase. It also suggested that P rat mammary gland epithelial cells were more committed or differentiated than YV and OV rats; this had also been observed in the gland of midpregnant mice (42). An important difference in the growth curve of YV, OV and P rat mammary glands was that the lag phase was lengthened by aging and parity. These results were in agreement with our observations in vivo (13) in which older cells as well as cells of mammary gland after pregnancy and lactation have a lower growth fraction and a lengthened cell cycle due to a longer G1. A lengthened cell cycle and a longer lag phase as a function of donor age have been reported in other cells (43). This initial resting state observed in OV and P rat mammary gland primary cultures resulted in a lower DMBA-DNA binding by epithelial cells (44) and acted as a protective mechanism against the toxic effect of low doses of DMBA when the carcinogen was added immediately after plating. DMBA added to cells at the peak of DNA synthesis induced more growth inhibition with lower doses than when the carcinogen was added during the first phase of growth. Recently, Tong et al. (45) have also reported that mammalian cells were most susceptible when exposed to chemical mutagens during S-phase than during any of the other phases of the cell cycle. These observations confirm that cultured cells are generally more sensitive if the chemical carcinogen is added at a time when the cells are actively growing and synthesizing DNA (45) (46) (47) (48) (49) (50) (51) .
DMBA-DNA BINDING
The covalent binding of polycyclic aromatic hydrocarbons (PAH) such as DMBA to critical nuclear macromolecules is at present considered to be the most probable initiation event in malignant transformation. Studies by Brookes and Lawley (52) have demonstrated that for a series of PAH, the amount of hydrocarbon bound to DNA, but not the amount bound to RNA or protein of mouse skin treated with these hydrocarbons, was related to the carcinogenic activity of these compounds. Although some exceptions to this correlation have been reported (53) , the importance of binding to DNA had been confirmed (54) (55) (56) , thus favoring binding to DNA as the critical cellular event in carcinogenesis. It was therefore of primary importance to determine whether DMBA binds to the DNA of the mammary epithelium and if the binding occurred in epithelial cells of certain specific structures of the gland which were known to be the site of origin of the carcinomas [ Fig. 2 ). Also considered was whether mammary epithelial cells of susceptible and nonsusceptible animals bind DMBA differently.
DMBA-DNA binding in vivo
It has been demonstrated that DMBA binds to the DNA of mammary parenchymal cells between one and sixteen hours after in vivo administration of the carcinogen (57) , and that the binding of DMBA to the DNA, RNA and protein of tissues, was directly related to the rate of cell proliferation (46, 58) . Binding of DMBA to rat mammary gland DNA in vivo has also been demonstrated by Janss and Ben (59) . These investigators demonstrated a correlation between the age and level of DNA synthesis with the amount of DMBA spqcifically bound to mammary gland DNA anallhe suceptibility to DMBA-induced mammaty cancer. A higher susceptibility to the carcinogenic activity of DMBA has also been demonstrated in the highly proliferating liver of newborns, while the slow growing intact liver of the adult was resistant (47, 48). The increased binding of DMBA to livers of immature rats or to liver undergoing regeneration (49) was equivalent to the increased 154 RUSSO TOXICOLOGIC PATHOLOGY binding of DMBA to the highly proliferating mammary gland epithelium of YV rats (44), while lower binding was observed in intact livers of adult animals (50) and mammary gland epithelium of OV and P rats (44) , both of which have a small growth fraction and labeling index (16). We have further analyzed the topographic distribution of 3H-DMBA in the mammary gland using autoradiographic methods. Labeled DMBA tH-DMBA, ImCi) with 20 cold DMBA as a carrier were dissolved in 1 ml sesame oil and given intragastrically to young virgin rats. After 24 hr, the mammary glands were removed, fixed in Bouin's and processed for light microscopy. Paraffin sections were coated with NTB-2 Kodak emulsion and processed for autoradiography as described elsewhere (16) . The number of grains per nucleus and per cytoplasm in each epithelial cell and the number of grains in the lumen of the TEB, TD, and AB were counted ( Fig. 6) .
A summary of the results correlating the uptake of 3H-DMBA with the DNA-LI in each compartment of the gland is shown in Figure  7 . These results showed that the highest concentration of DMBA was found in TEB which also had the highest DNA-LI. This observation indicated a close correlation between DNA synthesis and DMBA uptake. In those AB,lob areas of gland where the proliferative activity was lower, the uptake of DMBA was also lower. More differentiated structures, such as AB, had a lower DNA-LI and lower mitotic index (MA.) both of which were associated with lower 3H-DMBA uptake. The significance of these results was the demonstration of a compartmentalization in the uptake of the DMBA that was coincident with the compartments in which the DNA synthesis takes place and, most importantly, a correlation between the high uptake-high DNA synthesis in the TEB to the fact that TEB is the site of origin of mammary carcinomas (Fig. 2 ).
DBA-DNA binding in vitro
This study was carried out to determine whether the DNA of mammary epithelial cells from young virgin, old virgin and parous rats retained the difference in their capacities for binding DMBA when placed in culture. Cells were obtained from young virgin, old virgin and parous rat mammary glands using the method described elsewhere (36).
3H-DMBA was dissolved in dimethylsulfoxide (DMSO) and added to cell cultures after dilution into serum-free medium. Cell cultures were exposed to DMBA for 24 hrs. at 3 dose levels (0.1, 0.2 and 0.4 pg/ml media) and added at 3 different time points: (i) 24 hrs. after plating during the lag phase of OV and P cells, (ii) 48 lirs. after plating when all the cells (YV, OV and P) were in log phase of growth and (iii) 4 days after plating when all the cells had reached confluency. Cells were then washed with phosphate buffered saline (PBS) and collected. Following DNA extraction, the DNA concentration was determined spectrophotometrically at 260 nm. The radioactivity of a n aliquot of the DNA solution whs obtained by counting in a Packard Tri-Carb Model 3380 liquid scintillation system. Counts/min. were corrected for background (usually 14-18 cpm) and the result of binding was expressed as pmol hydrocarbon/mol DNA-P (Fig. 8A, B where binding in YV cells was 20 to 30% higher than OV cells and 35 to 40% higher than P cells over the doses used. This correlated well with the fact that at 24 hrs. both OV and P cells are still in a resting phase while YV cells were already in logarithmic phase of growth. The lower binding of DMBA during the lag phases of OV and P cells in vitro would imply that the small growth fraction and large non-proliferative compartment in OV and P rats is an important factor in the determination of eventual carcinogenesis by reducing the capacity of OV and P cells to bind the carcinogen. After 48 hr. in culture (Fig. 8B) , YV cells still maintained the highest binding capacity. With confluent cell cultures ( Fig. 8C) , binding in YV cells was again the highest, although the amounts of DMBA bound in the 3 groups were reduced by about 25 to 30% at the high dose level when compared to levels in 24 hr. and 48 hr. cultures. Furthermore, the linear dose response relationship was not observed, suggesting that with confluent cells, a saturation of the binding sites had occurred with the dose of DMBA used (60).
Binding of the carcinogen takes place during the DNA synthesis. During this period is both greater sensitivity to the toxic action of carcinogens and increased susceptibility to neoplastic transformation. S phase is important for the fixation of transformation. Cell division is also an important parameter, since at least one cell division is required for transformation and at least 3 additional cell divisions for the expression of the transformed state. In tissue culture, it has been demonstrated that cells in early or mid GI phase are capable of repairing pre-lethal radiation induced damage (Fig. 9 ). Whereas, the damage becomes fixed in S phase. It is reasonable to postulate that refractoriness could be associated with a lengtheningof the GI phase allowing the cells to repair any DMBA induced damage, and by decreasing the growth fraction and creating a Go population and/or non proliferating pool. In order to answer these questions we studied the cell cycle in the various terminal structures of the mammary gland.
CELL KINETICS OF MAMMARY EPITHELIAL CELLS OF VIRGIN AND PAROUS RATS IN VlVO
We have shown that the susceptibility of the mammary gland to carcinogenesis was influenced by variables such as the degree of differentiation of the gland (24), rate of DNA synthesis and cell proliferation (13), and variations in cell kinetics (16). Their influence was substantiated by determining the length of the cell cycle (Tc) and of each of the cell cycle phases, and the growth fraction (GI;) of the epithelial cells lining the mammary gland structures.
Length of the cell cycle (lc)
Tc was determined in young virgin (YV), old virgin (OV) and parous rats (P) from the wave of labeled mitoses obtained after a single i.p. injection of 3H-thymidine. GF was Vol. 11, NO. 2, 1983 BASIS OF CELLULAR AUTONOMY 157 determined by continuous labeling with 3Hthymidine obtained by inserting i.p. an osmotic minipump releasing 1 ~Ci-~H-thyrnidine/hour.
In young virgin rats the mammary gland was composed of numerous ducts ending in either dilated club-shaped terminal end buds (TEB), terminal ducts (TD) or alveolar buds (AB) (25).
TC in TEB lasted 9.9 hours and in TD was 17.3 hours. In AB only one peak of labeled mitoses was observed and a second peak did not appear. Therefore the value of Tc was obtained using the equation:
Ts X GF LI Tc = (Equation 1) where Ts was the length of S phase determined either from the wave of labeled mitoses (Table 111) 
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'Ts was obtained from the percentage of labeled mitosis curve; bGFz represents the total number of labeled cells/100 cells after 5 days of continuous infusion of [3H]-dThd. ' T, was calculated using equation 1. dDNA-LI was calculated by counting the number of labeled cells after one hour pulse of ['HI-dThd and expressed as labeled cells/lOO cells. 'tp (uncorrected Tc) or potential doubling time was calculated using equation 3: tp = Ts/LI. From Russo J, and Russo IH (16).
mined after 1 hour of the pulse with [3H]-dThd. Tc calculated using equation 1 was 28 hours for AB (Table IV) . When Tc was calculated in TEB and TD using equation 1, the values were similar to those obtained from the wave of labeled mitoses (W.L.M.).
The mammary gland of old virgin rats contained a very small number of TEB and most of them were slightly smaller with fewer cells per section than those of young virgin rats. Therefore they were considered to be TD in a state or regression from TEB and were called TDK. The length of the cell cycle in these different compartments is summarized in Table IV. Parous rat mammary glands after 40-42 days of post lactational involution were characterized by a complete absence of TEB and TDK and marked reduction in number of TD with respect to that of young and old virgin rats. The number of AB was about the same as that observed in old animals but lobules were three to four times more numerous in parous than in young and old virgin rats {Fig.
1).
In both TD and AB a well defined first wave of labeled mitoses was observed. Tc calculated using equation 1 was 23.92 hs for TD and 49.63 hs for AB and alveoli (Tables 111 and IV).
Constituent parts of the cell cycle of the mammary gland epithelium
From the wave of labeled mitoses it was possible to determine the length of the differ-ent constituents of Tc. As shown in Table 111 , G, values in YV rat mammary glands varied from approximately 1 hour in the TEB to 17 hours in the AB. No significant variations in the length of GI of TEB, TD and AB were observed.
In the case of the OV and P rat mammary glands, the lengthening of Tc was due basically to a lengthening of GI. The length of GI in TDR's of OV was about 5 hours a value quite similar to that of TD and YV while TG, in TD had a duration of 7 hours. In AB and alveoli of OV G, was lengthened to 1 7 hours. G, showed less variation in Iength than those of GI. However, certain differences were observed. TD and AB of OV had a G, 3 to 4 times longer than that of YV and P rat mammary glands (Table 111 ). From the various constituents of Tc in parous rat mammary gland, the major differences were observed at the level of G,, which was prolonged to 14 hours in TD and to about 36 hours in AB.
Growth fraction (GF)
The growth fraction, which gives an indication of the size of the proliferative compartment, was calculated by continuous labeling of cells using infusion of 3HidThd over 5 days (GF,). The labeling reached its maximum on the 4th day of continuous infusion (Table  IV) . On the other hand, aging itself resulted in a reduction of GF,, although to a lesser extent than that induced by parity. In OV rats age-matched with parous rats, GF, was 0.19 in TDR and 0.05 in TD, which represented a 3 and 7 times decrease respectively, when compared with the value of GF, in TEB and TD of YV rats. GF, of AB was 4 times smaller than that of AB of YV rats. The differences in GF, between YV and OV and between OV and P rat mammary glands were statistically significant (p < 0.01).
In summary, these results indicated that in the mammary gland of young virgin rats the various structures developed as a consequence of progressive differentiation of the gland, namely TEB, TD and AB, have markedly different GF, which was highest in the least differentiated structure, the TEB, decreasing progressively in the more differentiated structures, TD and AB. There are also differences in Tc among these structures; the more undifferentiated structures have a shorter Tc, while in the more differentiated ones a progressive lengthening of Tc, due mainly to a lengthening of GI, was observed. These differences between the more differentiated and the undifferentiated structures were accentuated with aging. Complete differentiation of the mammary gland as a consequence of pregnancy and lactation eliminated the undifferentiated structures with a concomitant decrease in GF and more marked lengthening of Tc. Pregnancy induced in the mammary gland two basic changes in cell kinetic parameters: one was the increase in the size of the Go compartment, and the second was the lengthening of These two changes could explain the+fractoriness of the mammary gland to DMBA-. induced carcinogenesis. Due to the effect of pregnancy or differentiation of the mammary gland, TEB and TD shift all their cells to the formation of AB and lobules. When the lobular structures regress from their functional activity, the cells present in the postpregnant and/or postlactational state have entered Go or a quiescent state. If the cells were treated at this point in vivo with a carcinogen, they Tc at the expense of GI.
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were refractory to carcinoma development (13) and in vitro, they were less susceptible to the effects of DMBA (17).
We postulate therefore that pregnancy modifies the GI of the proliferating cells so that carcinogenic initiation cannot take place. In addition, cells that are cygling slowly in the mammary gland of the parous rats, could have enough time to repair any damage inflicted by the carcinogen before it is fixed in the genome (61) (62) (63) (64) . It has been demonstrated in tissue culture that cells in the early or mid-GI phase were capable of repairing sublethal radiation-induced damage (65) , whereas the damage becomes fixed in S phase (45, 66) (Fig. 9 ). It has also been demonstrated that most of the DNA repair that was going to occur in any given cell takes place within 24 hrs (67, 68) . A lack of repair of the DNA damaged by the carcinogen occurs when the cells either lack sufficient time to complete the repair, as observed in rapidly cycling cells (69) and TEB epithelium, or when the cells have low levels of DNA repair enzymes (70) .
DNA REPAIR STUDIES
Like most PAH, DMBA is carcinogenic and mutagenic only after metabolic activation (71) . Metabolism converts DMBA to chemically reactive oxygenate intermediary metabolites that are capable of reacting with critical cellular nucleophiles, particularly DNA (59, 55, 56, 71) within the target tissue. This latter process is now considered to be the most probable initiation event in malignant transformation. The majority of these carcinogen-induced DNA lesions are subject to repair by various mechanisms such as DNA excision (72) (73) (74) (75) (76) (77) or post-replication (78) (79) (80) repair. The importance of each type of repair depends upon the cell (81,82) and the organ type (83) i.e. the organ specificity of some chemical carcinogens has been correlated to different repair capacities for the same chemical lesions, and even for the type of DNA lesion involved (88, 89) .
The most plausible link between the lack of DNA repair and carcinogenesis was suggested by the extremely high incidence of UV-induced skin cancers in persons suffering from the heriditary disease xeroderma pigmentosum (85, 86) . This genetic defect has been characterized as a deficiency in one or more of the DNA repair mechanisms. Specifically, cells from patients with xeroderma 160 RUSSO TOXICOLOGIC PATHOLOGY pigmentosum have been shown to be defective in excising bound residues of various chemical carcinogens and to exhibit much lower levels of cell survival when compared to normal cells which were able to remove a large percentage of the bound residue (73, 77, 87, 88) . Recent studies by Yang et al. (89) on the excision of the N2-deoxyguanosine DNA adduct of (anti)-7,8-diol-9,10-epoxide of B(a)P by normal diploid human fibroblasts and excision-repair deficient xeroderma pigmentosum cells (XP12BE) have further demonstrated that normal cells were able to excise this adduct at a rate which correlated directly to a decrease in induced mutation frequency, suggesting that the excision repair process in mammalian cells was, in essence, error free. In contrast, the XP12BE cells were found to be incapable of removing this DNA adduct and this was reflected in their high susceptibility to the cytotoxic and mutagenic effects of the carcinogen.
In addition to studies with XP cells a number of other studies have also dealt with the relationship between DNA repair and carcinogenesis (84, 85, 90-92). However, no studies to date have dealt specifically with the removal of DMBA adducts from the mammary gland, a target organ of DMBA. If unscheduled DNA synthesis in the mammary gland represents true repair, then it should be accompanied by removal of the bound form of the carcinogen. Determination of the rate of removal of DMBA adducts in susceptible (virgin) and non-susceptible (parous) rats will therefore provide another clue as to which cell type has the more limited or more efficient excision repair. Lesions that were not removed and which remained in the DNA over many generations could be expected to have an important role in the initiation of carcinogenesis, since there would be a greater chance for the damage to be fixed in the genome. Thus, a poor capacity for excision of DMBA adducts by mammary cells could be directly related to a higher susceptibility and tumor incidence. In partic:ular, Dipple and Hayes (84) have demonstrated that, compared to adducts formed by 3-methylcholanthrene and 7-bromomethylbenz-(a)anthracene, DMBA-DNA adducts in primary mouse embryo cells were intrinsically difficult to remove and concluded that this Door excisabilitv of the DNA damarre was a contributing facto; to the biological p:tency of DMBA.
In other words, the end biological effect of DNA-carcinogen interactions can be changed by modifications in cellular DNA repair processes. The ability of each individual cell to repair carcinogen-induced DNA lesions before the damage regions are used as templates for the synthesis of faulty DNA, will contpibute tremendously to the refractoriness or lower susceptibility of that cell to malignant transformation after exposure to the carcinogenic stimulus (94) .
DNA excision repair in vitro
Mammary epithelial cells from the three groups of rats were obtained as described elsewhere (36) and were used to study the effect of DMBA dosage on DNA repair. Twenty four hour DMBA treatment of cells from the three groups of animals at doses ranging from 0.25 to 2.0 pg DMBA/ml during the logarithmic phase of growth (48 hrs postplating) and at confluence (4 days post-plating) revealed that when DMBA was used at low doses (0.025-0.2pg/ml) there was linear relationship between DMBA dose and amount of DNA repaired. However, the level of response was almost identical for the YV, OV and P cells, despite the-fact that YV cells bound 20-40% more DMBA than OV or P cells. This linear relationship was observed when cells were treated at both 48 hrs and 4 days in culture, although the overall repair was lower in the latter group (Table V) . Treatment of cells with high dose DMBA (0.5-2.0pg/ml) at 48 hrs in culture did not show the linear dose-response curve observed at low doses, but high doses of DMBA elicited a level of repair 1.5 and 2.0 times higher in cells from YV rats than in cells from OV and P rats respectively (Table VI) . Thus, if repair is assumed to be a reflection of the amount of damage inflicted to the cell, then the higher level of repair in YV cells would be indicative that cells of YV rats underwent greater damage than cells from OV or P rats. The lack of a dose-response when DMBA was used at high doses also suggested that a saturation of the repair mechanism and/or enzymes had occurred.
Rate of DNA excision repair
The rate of DNA repair was studied by treating cultures of YV, OV and P rat mammary epithelial cells at confluence with 0.1pg DMBA/ml for 24 hrs. 3H-Thymidine was added to the plates, and the cells were removed at different time intervals afterwards, up to 48 hrs. The rate of DNA-repair was similar in the cells of the 3 groups of animals during the first 9 hrs of 3H-thymidine addition (Table VII) . However, when the incubation time was increased to 48 hrs, the rate of repair gradually diverge, with OV and P cells repairing the DMBA-induced lesions much faster than YV cells. Statistically significant differences between OV and P versus YV cells were observed when Student's t test was performed on values obtained at the 18, 24 and 48 hr time points. No significant differences were observed between values obtained in OV and P cells (Table VII ). These data suggest that both age and parity influence the rate at which cells are able to repair DMBA-induced DNA damage.
DMBA-DNA adduct removal
The extent and rate of removal of covalent DMBA-DNA adducts were other criteria used to determine the efficiency of the DNA repair process in the 3 groups of cells after exposure to DMBA. Confluent cultures of rat mammary epithelial cells were treated for 24 hrs with 0.04 pg 3H-DMBA/ml medium (sp. act. 1 Ci/mmol) in the presence of 10 pg BUDR/ ml medium. Cell cultures were washed, refed with non-radioactive medium, and then removed at different time intervals. DNA was isolated from the cells and the time dependent decrease in specific activity of the less dense parental DNA peak was determined following alkaline CsCl density gradient cent rifuga tion.
The rate of removal of covalently bound adducts increased from 4.3 k 5.0 at 5 hrs to 25.6 & 4.2 at 48 hrs in YV cells, whereas in OV cells removal did not start until 24 hrs post treatment, increasing from 10.0 -C 5.3 at 24 hrs to 11.9 k 2.5 at 48 hrs. P cells showed removal by 5 hrs post treatment at a higher rate than YV cells and increased progressively to 35 .5 k 3.5 at 48 hrs (Table VIII) . These results suggest that the greater efficiency of P cells to remove DMBA adducts could explain the lower susceptibility of these animals to carcinogenesis. However, the observation that OV cells are the least efficient to remove adducts does not correlate with the poor tumorigenic response of these animals versus the high susceptibility of YV animals nor does it correlate with the rate studies when repair was measured as the incorporation of 3H-thymidine. A possible explanation could be that 3H-DMBA was tightly bound and.stil1 present in the cytoplasm of RUSSO TOXICOLOGIC PATHOLOGY OV cells even after removal of the radioactive medium. Metabolism of DMBA to reactive metabolites could then take place leading to DNA binding in the presence of adduct removal. This would, in effect reduce the level of detectable removal of adducts as was observed in OV cells but not with YV or P cells. A similar situation was also observed by Eastman et al. (93) studying the removal of 3Hbenzo(a)pyrene-DNA adducts in a hamster tracheal epithelial cell line.
CHORIONIC GONADOTROPIN IN THE PREVENTION OF DMBA INDUCED RAT MAMMARY CARCINOMA
The knowledge that pregnancy and lactation protect the mammary gland from chemically induced carcinogenesis through the process of differentiation led us to determine whether this protection was exerted mainly by the influence of placental hormones and whether exogenous hormonal treatment could mimic the gestational process and induce the same level of refractoriness obtained after a full term pregnancy.
Fifty day-old Sprague-Dawley virgin rats were treated for 21 days with either chorionic gonadotropin (HCG), at doses of 1.0, ,%O or 10.0 IU/day, placental lactogen (HPL)' at 0.5 mg/day, 3r a combination of HPL and HCG. Twenty one days post hormonal treatment,,? animals per group received a 1 hr pulse of 3H-thymidine (1.7 pCi/g.b.w.) for DNA labeling index (DNA-LI) determination. The development of the gland was studied in whole mount preparation. All the remaining animals received a single intragastric instillation of 10 mg DMBA/100 g.b.w. After 22 weeks the animals were killed and the number of mammary carcinomas was recorded ( Fig. 10) .
By 21 days after completion of the hormonal treatment, the mammary gland of the rats showed changes in structure related to both the dose and type of hormone used. HCG treatment decreased the number of terminal ductal structures, terminal end buds (TEBs) and terminal ducts (TDs), accompanied by an increase in the number of alveolar buds (AB) and lobules. The response was dose dependent. HPL alone or in combination with HCG failed to stimulate the differentiation of terminal structures into AB and lobules; therefore the number of TEBs and TDs remained elevated and very few AB and lobules developed.
The differentiation induced by HCG in the mammary gland was accompanied by a reduction in the gland's proliferative activity; the DNA-LI in control TEB was 35 tumor incidence, 57.1% and 60.0% respectively, and a higher number of tumors per animals, 1.42 and 1.20 respectively (Table X) .
In Table XI are summarized the incidence of DMBA-induced benign lesions.
Thus, hormonal treatment of young virgin animals can induce a lasting protective effokt on the mammary gland against the carcinogenic actions of 7,12-dimethylbenz(a)anthracene. The observation that chorionic gonadotropin produces the same degree of protection as obtained through pregnancy and lactation opens new avenues for the study of prevention of breast cancer utilizing other physiological means of gland differentiation. It remains to be determined whether this protection is also exerted by more efficient DNA repair system in the more differentiated cells.
In summary, we have been able to dem- a. All the animals started the treatment at 50 days of age and received a.21 day hormonal treatment followed by a 21 day resting period (approximately 90-92 days of age). At that age the animals received DMBA (10 mg/ 100 bw) and kept for 22 weeks the end of that period they were sacrificed. onstrate that refractoriness to carcinogenesis is due to the differentiation of the gland during the gestational process. This results in the disappearance of undifferentiated terminal end buds (TEBs) which are the site of origin of mammary carcinomas. Differentiation is accompanied by a concomitant reduction in the proliferative compartment and lengthening of the GI phase of the cell cycle in the glandular epithelium. The changes in these kinetic parameters affect both the ability of the cell to bind DMBA and to repair DMBA induced DNA damage. This latter phenomenon is of importance, since it has been shown that the end biological effect of DNA-carcinogen interactions can be affected by modifications in cellular DNA repair processes. The ability of an individual cell to repair carcinogen-induced DNA lesions before the damaged regions are used as templates for the synthesis of faulty DNA contributes to the refractoriness or lower susceptibility of that cell to malignant transformation after exposure to the carcinogenic stimulus. 
